We isolated recombinant lambda phage clones spanning 49 kilobases of DNA which contain the Beadex and heldup-a loci of Drosophila melanogaster. These cloned DNAs were used to analyze the structure of eight dominant mutant alleles of the Beadex locus which show increased gene activity. A region, only 700 base pairs in length, is altered in each of these mutants. Six of the mutations have DNA insertions within this segment.
700-base-pair segment within which at least part of the Beadex locus resides, yet these flies have no Beadex phenotype. This indicates that a functional heldup-a gene is necessary for expression of the Beadex phenotype. Together, these results suggest that the Beadex functional domain is contained within a short segment of DNA near the heldup-a gene and support the hypothesis that the Beadex locus functions as a cis-acting negative regulatory element for the heldup-a gene.
Very few eucaryotic loci have been identified where mutations cause abnormally high levels of gene activity and result in a visible phenotype (7, 18, 39) . The 17BC segment of the Drosophila melanogaster X-chromosome contains such a locus. Simple duplications including this chromosomal segment cause a characteristic loss of tissue along the wing borders (wing scalloping) (16, 17) . Triplications which include 17BC cause more severe wing scalloping, and flies with quadruplications are still more severely affected (16, 17, 24) . Thus, the degree of wing scalloping appears to be related to the increased activity of some gene within this segment. Although gross deficiencies which include the 17BC segment have no dominant effect on wing phenotype (Dfl+ is wild type), several dominant wing-scalloping mutations have been mapped to the Beadex (Bx) locus which is located within this segment at map position 1-59.4 (see Table 1 ). The 17BC segment is not visibly altered or duplicated in any of these Bx alleles, suggesting that they are simple mutations at the Bx locus and are not associated with increased gene dosage (unpublished data). The phenotypic similarity of these Bx mutants to flies with multiple doses of the 17BC segment suggests that mutations at the Beadex locus lead to an increase in the wild-type activity of a gene within the 17BC segment. This idea is supported by the interactions of these mutations with deficiencies and duplications that include 17BC. Flies bearing a Bx mutation on one homologue and a duplication of the wild-type 17BC segment on the other have an enhanced Beadex phenotype, whereas deficiencies suppress Bx mutations. For instance, the weakly dominant mutant allele Bx' is totally suppressed by any deficiency which includes 17BC, but wing scalloping is enhanced by duplications including this segment (Bx'lDf < Bx'l+ < Bx'I Dp) (16, 17, 24) . Strong Bx alleles are only partially sup-* Corresponding author.
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pressed by deficiencies (24) . These observations strongly suggest that the Bx locus has a regulatory function and that mutations at this locus lead to an increase in the normal activity of some nearby structural gene rather than a loss or qualitative alteration of the activity of that gene product.
Mutations which result in loss of Bx activity have been isolated as phenotypic revertants and suppressors of Bx mutant alleles (24) . These mutations fall into two classes: gross deletions including the 17BC region and point mutations in the closely linked heldup-a (hdp-a) gene (see Table  1 ), which is also within 17BC. These hdp-a mutations completely suppress even strong Bx alleles in cis and mimic the partial suppression of Bx exhibited by deficiencies in trans. hdp-a mutations themselves are associated with a recessive heldup wing position phenotype (25) . Lifschytz and Green (24) showed that the Bx and hdp-a loci are separated by only 0.0045 map units and that one hdp-a allele maps to the centromere distal side of Bx3. They proposed a model, based on the interactions of these two loci, in which the wild-type Bx locus functions as a cis-acting negative regulatory element for the adjacent hdp-a structural gene (24) . In this model mutations at the Bx locus would result in an increase in hdp-a+ activity. The wing-scalloping phenotype observed in Bx mutants would be a result of this increased hdp-a+ activity. Mutations in the hdp-a structural unit, which eliminate hdp-a+ activity, result in a heldup wing position phenotype with no wing scalloping. In the cis double mutant (hdp-a Bx), disruption of the hdp-a gene would preclude any hyperactivity due to the Bx mutation. Thus hdp-a mutations suppress Bx alleles in cis.
A rigorous test of this model requires both quantitative and qualitative characterization of the hdp-a gene product in both Bx and hdp-a mutant flies. Here we report the isolation of DNA sequences corresponding to at least part of both the Bx and hdp-a loci. These cloned DNA sequences should allow us to identify any RNA molecules encoded by these genetic elements.
In the course of identifying these DNA sequences we studied the molecular structure of a number of Bx mutations and one hdp-a allele. We report here that all the Bx mutations we examined have alterations in a single 700-base-pair region. Six Bx alleles contain DNA insertions in this region, whereas two alleles, which were induced by hybrid dysgenesis, are the result of imprecise P element excisions or deletions which remove sequences from this segment. A single hdp-a mutation, which is associated with a similar hybrid dysgenic event, suggests that part of the hdp-a locus resides no more than 1,600 base pairs from the Bx locus.
MATERIALS AND METHODS Fly stocks. Mutant fly stocks were obtained from The Drosophila Stock Center at the California Institute of Technology, The Mid-America Drosophila Stock Center at Bowling Green University, W. Baker at the University of Utah, and W. Engels at the University of Wisconsin. The Bx and hdp-a mutant strains used in this work are described in Table   1 .
In situ hybridizations to polytene chromosomes. Drosophila melanogaster salivary gland squashes were prepared as described by Gall and Pardue (15) (10, 13, 24) . Here we designate the suppressor of Beadex as hdp-a and the closely linked mutations described by Engels as hdp-b. hdp-a and hdp-b fall into separate complementation groups (unpublished data).
containing 36-to 42-kb MboI fragments were pooled and dialyzed against 200 mM sodium chloride-10 mM Trishydrochloride (pH 7.6)-l mM EDTA. This DNA was concentrated by ethanol precipitation and ligated with an equal mass (6 ,ug) of pJB8 DNA, which was prepared as described by Ish-Horowicz and Burke (21) . Cosmid DNA was packaged in vitro by using the protocol of Mullins et al. (30) . We obtained a total of about 2 x 105 ampicillin-resistant colonies (equivalent to 46 Drosophila haploid genomes) when these packaged cosmids were transfected into Escherichia coli HB101. The inserts in 12 randomly selected clones ranged in size from 31 to 41 kb and averaged 37 kb.
We found that omission of the size selection step led to much poorer efficiencies (less than 102 colonies per ,ug of target DNA), presumably due to the molar excess of small MboI fragments which ligated with PJB8 to form molecules too small to package.
Screening of phage and cosmid genomic libraries. The Bx2 cosmid library was screened by the colony hybridization method of Hanahan and Meselson (20) with the modifications added by Grosveld et al. (19) . The Canton-S Charon 4 phage library (26) was screened by the method of Benton and Davis (3) . Isolation of DNA. Cosmid and plasmid DNA were isolated as described by Steinmetz et al. (41) except that bacteria were grown in medium containing 100 mg of ampicillin per liter rather than tetracycline. Recombinant phage for DNA isolation were grown by the PDS method of Blattner et al. (6) . Phage were precipitated with polyethylene glycol and sodium chloride as described by Yamamoto et al. (44) . They were then purified by CsCl equilibrium centrifugation, and DNA was isolated as described by Maniatis and co-workers (26) . Drosophila genomic DNA was isolated from adult flies as described by Davis and Davidson (8) .
DNA blot hybridizations. DNA was digested with a fivefold excess of restriction endonucleases purchased from New England Biolabs or Boehringer Mannheim. After agarose gel electrophoresis, the digested DNA was transferred to nitrocellulose (40) . Blots were incubated with denatured probe, washed, and autoradiographed as described by Rozek and Davidson (34 Fig. la shows the expected hybridization at the 89E region of the third chromosome (bithorax), as well as hybridization to the 17C segment of the X-chromosome (Beadex). No other sites of localized hybridization were observed; however, a number of grains were consistently visible over the chromocenter. We presume that these grains represent hybridization to gypsy sequences in heterochromatin. Indeed, whole genome Southern blots with Bx2 DNA revealed 6 to 10 different sites of gypsy insertion in the Bx2 genome (data not shown). a 4 To isolate Bx sequences by transposon tagging, clones containing the gypsy transposon from 17C must be identified. We took advantage of a P element, which is within polytene bands 17C2-3 in the strain 7r2, to identify such clones. Genetic experiments indicate that this P element lies near the Bx locus (see below). Since the 17C2-3 P element from Xr2 had already been isolated (31), a probe, pS25.1 containing only unique sequences from the 17C2-3 region was available. This plasmid contains a 1.8-kb BamHI fragment, from the wild-type strain Canton-S, which is homologous to the DNA immediately flanking the 17C2-3 P element of 7r2 but contains no P sequences. Any gypsy homologous recombinant clones from a Bx2 genomic library which hybridize with this fragment must contain the gypsy element residing near 17C2-3.
Bx2 has two gypsy elements inserted in opposite orientation at 17C2-3. A cosmid library containing Bx2 genomic sequences was constructed by using the vector pJB8 (see b. Ip. above). Three Drosophila genome equivalents were plated by using the recA-host HB101. These clones were screened in parallel for homology to the 1.8-kb BamHI fragment of pS25.1 and the 6.8-kb XhoI fragment which is internal to the gypsy element in Xbx34e-6a2. Since XhoI cuts only in the terminal direct repeats of the gypsy element, this 6.8-kb fragment contains all sequences within the transposon. Twenty-three positive clones were identified with the gypsy probe and only two with the 1.8-kb BamHI fragment. Both of the latter were also among the gypsy homologous set. One of these clones was lost during subsequent rescreening; the other was isolated and designated cBx217C-1. Cosmid DNA was prepared from this clone and digested with several restriction enzymes to generate the map shown in Fig. 2 . cBx217C-1 contains 42 kb of Bx2 genomic DNA inserted at the BamHI site of PJB8. Genomic blots with cloned Canton-S DNA from the same region as a probe confirmed that this map represents the configuration on the Bx2 X-chromosome and is not an artifact of in vivo manipulation or growth in E. coli (see below).
Within cBx217C-1 there are two regions, each ca. 7 kb in length, which have restriction patterns identical to those found in the gypsy element of Xbx34e-6a2. These two regions reside within 1 kb of one another and are oriented oppositely. Blot hybridization experiments with the 6.8-kb XhoI fragment from the gypsy element in Xbx34e-6a2 as a probe demonstrate that each of these two gypsy-like segments is homologous to gypsy DNA (data not shown). The regions of gypsy homology are indicated in Fig. 2 . Hybridizations using the 1.8-kb BamHI fragment insert of pS25.1 as a probe show that these unique sequences lie between and adjacent to the two gypsy elements found in cBx217C-1 (data not shown). However, fragments which span the left end of the leftward gypsy element (as they are shown in Fig. 2 ) do not hybridize to the 1.8-kb fragment. Our interpretation is that the segment of homology within these fragments is too short to form a detectable hybrid (since the BamHI site is less than 100 base pairs to the left of the left end of the gypsy element) and that both gypsy elements inserted into the 1.8-kb fragment.
To confirm the structure deduced from the blot hybridization experiments above, we linearized cBx217C-1 with Sall (the only SalI site in this clone is within the vector, pJB8), melted the duplex in alkali, allowed it to self-anneal briefly at neutral pH (see above), and prepared the DNA for electron microscopy. A stem-loop structure was consistently observed. An example is shown in Fig. 3 . This stem-loop structure is of the proportions predicted for the inverted repeat formed by the two gypsy elements, with a duplex stem of about 7.5 kb and a single-stranded loop of about 0.9 kb. No bubbles were observed in the duplex stem, indicating that the two gypsy elements are identical with one another at the electron microscope level of resolution.
Isolation of clones containing wild-type DNA from 17C2-3. To study the wild-type Beadex locus and to obtain singlecopy probes for whole genome blotting experiments, we screened a random shear Charon 4 library constructed with Canton-S genomic DNA (26) by using the 4.0 and 4.4-kb BglII-EcoRI fragments from cBx217C-1 (see Fig. 2 ). These fragments are at opposite ends of the cosmid insert, allowing isolation of clones covering a large region. From five genome equivalents screened with these 32P-labeled fragments, seven different recombinant phage clones were isolated. DNA from each of these phages was mapped for restriction sites. The composite map is shown in Fig. 4a . A total of 49 kb of Canton-S DNA is represented in the seven overlapping phage inserts. Using these overlapping clones as probes in blotting experiments, we confirmed that the restriction map shown in Fig. 4a correctly represents the map of Canton-S genomic DNA (see Fig. 5 and 6 ). Using [3H]cRNA made from XCS17C-19 as a probe in in situ hybridizations to Canton-S polytene chromosomes, we determined that these sequences localize uniquely at 17C, as expected (Fig. lb) .
Other than several simple restriction site polymorphisms, the map in Fig. 4 differs from the map of the cBx217C-1 insert in only two respects: the absence of the gypsy transposons found in cBx217C-1 ( coordinate positions -0.5 and -1.5 in Fig. 4 ) and a deletion of 50 to 100 base pairs somewhere between coordinates + 1.4 and + 2.0. This small deletion seems to be a peculiarity of the Canton-S strain, since whole genome blotting analysis of eight Bx mutant strains and two other Bx+ strains failed to reveal another example (see the 2.0-kb SmaI fragment in Fig. 5b) .
Determination of the chromosomal orientation of cloned DNA. Genetic mapping experiments have placed the Bx locus a short distance to the proximal side of the hdp-a locus (24) . Since mutations at these two loci are known to interact in cis, we were interested in determining the molecular structure of both hdp-a and Bx functional domains. Relating the genetic positions of these loci to our restriction map requires a knowledge of the chromosomal orientation of the cloned DNA. We determined this by using a large inversion which has one breakpoint in the cloned region. This inversion, called In(J)D6j, was induced by hybrid dysgenesis in the strain it2 and includes the region between 5E3-7 and 17C2-3 (3, 12) . Blotting analysis indicates that the 17C2-3 breakpoint is between coordinates -1.6 and +0.2 (W. Engels and C. Preston, personal communication). This places the endpoint within or very close to the resident P element found at -0.8 in rr2 flies (see Fig. 8 ) (31) . Separately, we hybridized [3H]cRNA made from XCS17C-2 and XCS17C-9 to polytene chromosomes from In(l)D6j. These clones contain inserts from opposite sides of the inversion breakpoint. Fig. lc and d show hybridizations done with ACS17C-2 and XCS17C-9, respectively. XCS17C-2 hybridized only at the distal breakpoint, indicating that these sequences are within the inverted segment. XCS17C-9 hybridized only at the proximal breakpoint, indicating that the sequences cloned in this phage are outside the inversion. Taken together, these results indicate that XCS17C-2 is distal to XCS17C-9 (Fig.  4a) .
Six mutant alleles of the Beadex locus associated with insertions in a 500-base-pair region. As reported above, the spontaneous mutation Rx2 is associated with the insertion of two gypsy transposons at coordinates -0.5 and -1.5. To analyze the restriction maps of three other spontaneous Bx alleles (Bx', Bx3, BxM), one heat-induced allele (Bx'), and one allele of unknown origin (Bx46), we probed whole genome blots of DNA from each of these strains with overlapping phage clones from the Canton-S library. The four clones that we selected, XCS17C-13, XCS17C-24, XCS17C-19, and XCS17C-9, span the entire 49-kb cloned region (Fig. 4a) . DNA from Bx2 flies, as well as Canton-S and Inscy w flies, were included in this analysis. We included Inscy w because the spontaneous allele BxM originated in this stock (we used the Inscy w BxM stock to isolate DNA for our analysis of the Bxm mutation). Any differences between Inscy w and Inscy w BxM are almost certainly associated with the occurrence of this mutation. Figure 5 shows representative blots which were hybridized with 32P-labeled XCS17C-24 DNA. Note that this clone contains DNA from the region between coordinates -6.6 and +6.4, within which the gypsy elements are inserted in Figure 6 shows a whole genome blot done digested genomic DNAs and probed witi BamHI-cut p24R8.OB. This plasmid subclon 8.0-kb EcoRI fragment (-6.6 to +1.4) fro inserted at the EcoRI site of pUC8 (42) . BamHI-cut plasmid was used to give unifo different-sized genomic BamHI fragments on ton-S DNA contains five BamHI fragments strains that we examined, we cannot exclude the possibility that it plays a role in manifesting wing scalloping in these two strains.
The nature of DNA sequences inserted at the Beadex locus. We were interested in determining whether any of the inserted DNA sequences described above were related to one another. To do this we compared their sizes and restriction maps. Restriction enzymes which do not cut within the DNA insertions give rise to only one novel-sized fragment when genomic DNA cut with them is examined by blot hybridization. The difference in size between this insertion-bearing fragment and the wild-type fragment is equal to the length of the inserted element. Based on the blot __ hybridization experiments described above, we estimated the size of the inserted elements. These results are summarized in Fig. 7 distal side and pS25.1 on the proximal side), we determined which novel fragment arose from each end of the insertion (data not shown). This analysis positioned the 9.6-kb fragment distally and the 6.0-kb fragment proximally and placed the single internal PvuI site about 1.4 kb distal to the BamHI site at coordinate -1.6 (see Fig. 7 ). Similar analyses with other restriction enzymes are summarized in Fig. 7 . Since each inserted element possesses sequences that are not homologous to our Canton-S-derived cloned probes, we could not detect fragments which are internal to the inserted elements themselves. For this reason the restriction maps shown in Fig. 7 are incomplete. Nonetheless, it is apparent that the inserted elements are all different. None of their restriction maps bears any resemblance to that of the gypsy transposons inserted in Bx2 DNA. The Bxl and Bx3 elements have five matching restriction sites and appear to differ only by an internal 1.8-kb deletion-insertion. This deletion-insertion includes the region containing the unique XhoI and HindIll sites found in the Bx3 element since the Bxl element is not cut by these enzymes. The maps of both of these elements bear a resemblance to that of the retrovirus-like transposable element roo (28) , also called B104 (36) . The restriction map of the inserted element in Bx46 DNA is similar to published maps of the copia transposon and is approximately the same length (32) . The insertion found in Bxr has a restriction map like that of the 3S18 retrovirus-like transposon (1). We are not aware of any transposable element with a restriction map similar to that of the element inserted in Inscy w BxM DNA.
Beadex and heldup-a mutations induced by hybrid dysgenesis. The P element inserted at 17C2-3 in the D. melanogaster strain 7r2 has recently been cloned and sequenced (31) . Its position corresponds to coordinate -0.8 on our restriction map. Since this strain has normal wings, this P element does not appear to disrupt either the Bx or the hdp-a locus. However, the XT2 X-chromosome gives rise to both Bx and hdp-a mutations at a frequency above 10-3 in the progeny of dysgenic hybrids (4, 11, 13, 38) . This high rate is specific to the 1T2 chromosome and seems to be associated with the 17C2-3 P element (13, 38) . In situ hybridization of P element DNA with polytene chromosomes revealed that the 17C2-3 P element is deleted in a number of these Bx and hdp-a mutants (W. Engels and C. Preston, personal communication; 12) .
To find out how such events disrupt Bx and hdp-a functional domains, we analyzed whole genome blots from two dysgenesis-induced Bx alleles (Bx9 and Bx'5) and one hdp-a allele (hdp-aD30r) which was induced in the same way. DNA from each of these mutants was digested with BamHI, Sacl, EcoRI, HindIII, SmaI, and PvuI in separate reactions and was compared to Canton-S and 7rr2 genomic DNA cut with the same enzymes. Figure 6 shows BamHI digests of each of these DNAs, which were hybridized with a 32P-end-labeled BamHI digest of p24R8.OB DNA (see above). As a result of the 2.9-kb P element insertion, the 1.8-kb band (-1.6 to +0.2) of Canton-S was replaced by a 4.7-kb band in Xr2. All three hybrid dysgenesis-induced mutants lacked this 4.7-kb band, as expected from the in situ hybridizations. Precise excision of the P element would result in reconstitution of a 1.8-kb fragment comigrating with the Canton-S fragment. No such fragment was found in any of the three mutant strains, indicating that each P element excision or deletion was imprecise. Since each mutant is missing BamHI fragments which flank the 4.7-kb fragment of XT2 (for instance Bx9 is missing both the 0.4-and 9.0-kb bands), the deletions include not only the P element but also flanking DNA. Similar blot hybridization analyses, using genomic DNA cut with the other five restriction enzymes mentioned above (data not shown), confirmed that each of the three mutants has lost most, if not all, of the P element (see below), as well as some flanking DNA. Figure 8 shows the segments that were deleted. Bxr5 is missing sequences on both sides of the P element insertion site. This 2.0-kb deletion certainly includes the sequences between coordinates -1.3 and +0. 4 deletion. In this mutant the proximal (right) boundary of the missing segment is within 100 base pairs of the P element insertion site at -0.8 and may be coincident with it. The entire -1.5 to -2.0 segment, in which insertions occurred in six Beadex alleles described above, is deleted in Bx9.
The hdp-aD30r deletion has a right boundary indistinguishable from that of the Bx9 deletion, in this case with about 200 base pairs of uncertainty. Despite the fact that the hdp-aD30r mutant has no wing scalloping, this deletion appears to include the entire segment removed in Bx9. This is not surprising since genetic studies indicate that hdp-a mutations are potent suppressors of Bx in cis (24) . Thus, the phenotype of hdp-aD30r is consistent with that of a double mutation affecting both hdp-a and Bx. Note that the hdp-a function is not disrupted in Bx9 and Bx '5 In several cases (Inscy w BxM, Bx9, and Bx15), we were able to compare mutants with the parental strains from which they were isolated. Gross changes, coincident with the mutation event, should be detected as differences in the restriction maps of the mutant and parental strains. In each case we found that, over the entire 49-kb interval, the mutant strains differed from their parental strains only by the insertions and deletions mentioned above.
Although the parental strain for the mutant allele Bx2 is not available, it is known that this mutation behaves genetically as a gypsy transposon insertion in that it is suppressed by the su(Hw) mutation (23, 25, 29) . Our molecular analysis detected gypsy transposon insertions in this strain at coordinates -0.5 and -1.5. The -1.5 insertion is within the segment deleted in the Bx9 mutation and thus is near or within the Beadex functional domain. On the basis of these facts we suggest that the gypsy insertion at -1.5 is responsible for the Bx2 mutation. Since gypsy elements are known to disrupt gene function at a distance without physically disrupting the structural locus itself, it is possible that the +0.5 element also plays a role in the Bx2 mutation (2) .
No Our analysis of Beadex and heldup-a alleles induced by hybrid dysgenesis revealed that these mutations result from imprecise excision or deletion of a nearby P element. Previous studies on the excision of P elements detected precise excision events (31, 35, 37) and imprecise events which left behind a portion of the P element and did not remove any flanking sequences (12, 37) . We showed that the events associated with the Bx9, Bx'5, and hdp-aD30r mutations removed sequences which were adjacent to the P element in the parental strain. In one case (Bx'5) sequences from both sides of the P element were clearly deleted. We believe that each of these mutants lost the entire P element at -0.8. No restriction sites from the P element were detected in the mutant DNAs (including a HindIII site only 39 base pairs from the terminus), and in situ hybridizations of labeled P element DNA to these mutant chromosomes failed to detect any homology at 17C (W. Engels and C. Preston, personal communication). Such imprecise excision events provide a novel means for isolating both Beadex and heldup-a mutations at a high frequency (11, 13, 38) . Molecular analysis of mRNA encoded by the Bx-hdp-a region of these mutants should be useful in determining the structural relationship between the Beadex and heldup-a loci. In particular, we hope to determine whether Beadex mutations affect sequences within or outside transcribed regions and whether the quantity or size of transcripts are affected. Resolution of these questions will lead to greater insight into the molecular role of the Beadex locus and help us to distinguish between transcriptional, post-transcriptional, and translational mechanisms for its effect on the level of hdp-a+ activity.
